• Modified PVDF membranes were synthesized by a phase inversion method • The immobilization of the photocatalyst on a PVDF membrane could be expected to:
permeability, has hindered its application in water and wastewater treatments [4] .
Various approaches have been proposed to minimize the membrane fouling or increase the hydrophilicity of PVDF membranes to improve their efficiency in applications. Several hydrophilic modification methods have been used to fabricate hybrid membranes: 1) directly dispersing nanoparticles in the casting solution and then fabricating hybrid membranes via phase inversion [5] ; 2) combining a sol-gel process with the membrane-forming process [6] ; 3) producing a membrane within a suspension of nanoparticles by self-assembly [7] . However, the modification process usually causes a decline of water flux [8] . Therefore, reducing additional permeation resistance is necessary to maintain membrane efficiency. In addition, blending of inorganic materials into mem-brane casting solutions has been widely performed because it is simple and effective. For instance, Kim et al. [9] added an optimum amount of p-toluenesulfonic acid in the casting solution to improve the pore size distribution and pure water permeation rate of the PVDF membrane. Pezeshk et al. [10] also fabricated modified PVDF ultrafiltration membranes exhibiting significantly increased pure water permeation by adding a novel hydrophilic polyurethane additive to the casting solution. Specifically, most recent studies have focused on introducing isodimensional nanoparticles, such as graphene oxide [11] , TiO 2 [12] , SiO 2 [13] , Al 2 O 3 [14] and ZnO [15] to enhance the anti-pollution performance and hydrophilicity of membranes.
In particular, TiO 2 is often used as catalyst/ /photocatalyst in water and wastewater treatments, owing to its stability, non-toxicity, and low cost. However, its large band gap and the rapid recombination of photogenerated electron-hole pairs in TiO 2 nanoparticles can result in a low quantum efficiency and poor photocatalytic activity, thereby limiting the practical applications of TiO 2 . Doping carbon with TiO 2 efficiently decreases the band-gap energy of TiO 2 , reduces the recombination of electron-hole pairs, and improves the photocatalytic performance [16] . Recently, Shao et al. [17] evaluated the photocatalytic activity of TiO 2 -C hybrid aerogels based on the conversion of methylene blue (MB) under ultraviolet (UV) light; in their study, the type of precursor and the mass ratio of TiO 2 to carbon influenced the MB conversion. Generally, the immobilization of such photocatalyst on a PVDF membrane can be expected to: 1) increase the hydrophilicity of the membrane; 2) improve the recovery rate of the photocatalyst after use; 3) combine photocatalytic action and separation ability in a single membrane device to alleviate membrane fouling during wastewater treatment [18, 19] . However, to our knowledge, reports on the characterization and photocatalytic performance of PVDF/ /TiO 2 -C membranes are rare.
In the present study, PVDF membranes modified with TiO 2 -C hybrid aerogels were synthesized by phase inversion. Pure PVDF membrane was also synthesized using the same method for comparison. The physical properties of the membranes were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy and measurements of contact angle, pure water flux and mechanical strength. The photocatalytic activity of the membranes were investigated under different light sources by using reactive brilliant red (X-3B) as a representative contaminant.
MATERIALS AND METHODS

Materials
PVDF (FR-904) was purchased from Shanghai 3F New Materials Co., Ltd. N,N-Dimethylacetamide (DMAC), absolute ethanol, TiCl 4 and resorcinol-furfural were all purchased from Chinese Chemical Reagent Corporation. X-3B was supplied by Shanghai Tao Jia Chemical Dyestuffs Corporation. TiO 2 (P25) was obtained from Degussa. All chemical reagents were of analytical grade. Deionized water was used throughout the experiment.
Synthesis of membranes
The TiO 2 -C hybrid aerogel was synthesized using a previously described method [20] . The porous support membrane was synthesized by immersion precipitation. Briefly, a casting solution containing PVDF, DMAC, polyvinylpyrrolidone and TiO 2 -C hybrid aerogel was agitated at 60 °C for 12 h to form a homogenous solution. Air bubbles in the casting solution were removed before casting by vacuum. The casting solution was then cooled to room temperature, uniformly spread on a glass plate by using an applicator with a clearance of 120 µm, and then immersed in a coagulation bath at room temperature for phase separation. The coagulation bath consisted of 50% deionized water and 50% absolute ethanol. The nascent membrane was detached from the glass plate after precipitation (typically after a few minutes) and then repeatedly washed in water to remove the DMAC. Finally, the formed membrane was held in a light press between two filter papers and dried at 50 °C in a convective oven. The casting solution compositions used are listed in Table 1 , in which the pure membrane and the membrane modified with TiO 2 -C hybrid aerogels are identified as M-1 and M-2, respectively. 
Analytical methods
The morphologies of the membranes, including those of the top and bottom surfaces, as well as that of the cross-section, were observed via SEM (S-3400N, Hitachi, Japan). The membranes were cryogenically fractured in liquid nitrogen and coated with a thin layer of gold by sputtering before observation. The infrared absorption spectra of the membranes were obtained with an FTIR-attenuated total reflection spectrometer (FTIR-ATR; Nicolet 6700, Thermo, USA) at a resolution of 4 cm −1 with 32 scans at 400--4000 cm −1 . The XRD patterns of the membranes were obtained using a wide-angle diffractometer with CuKα radiation (X'Pert PRO PW3040/60, Holland) at a generator voltage of 40 kV and current of 40 mA. The scanning speed and step were 2.4° min −1 and 0.02°, respectively. The tensile strength at the breaking point of the membranes were measured using a microcomputer-digital display integrative control testing machine (QJ210A, Shanghai Qingji Instrument Sciences and Technology Co., Ltd., China). At least five samples were examined for each membrane, and the average value and standard deviation were reported. The dynamic contact angle of the membranes was measured with a contact angle/surface tension analyzer (JC2000D1, Shanghai Zhongcheng Digital Technology Apparatus Co., Ltd., China) at room temperature as previously described [21] . A drop of water (10 µl) was placed on the surface of a dry membrane sample, and the contact angle was measured until no change was observed. An image of the water drop was obtained, and the contact angle was determined by shape analysis. To ensure that reliable data were collected, five measurements at different locations on the membrane surface were performed, and the average value was reported. The pure water permeation fluxes of the prepared membranes were evaluated through a series of batch filtration experiments in a self-made dead-end filtration system (effective membrane area = 0.01 m 2 , pressure = 0.8 MPa). The membrane was pre-wetted in deionized water before its water flux was measured at room temperature.
Photocatalytic experiments
Photocatalytic experiments were conducted in a photoreaction instrument (BL-GHX-V, BiLon, Shanghai, China). A high-voltage mercury lamp (500 W) and a xenon lamp (500 W) were used as light sources. Membrane samples measuring 10 cm×10 cm were immersed in 100 mL solutions of X-3B with initial concentrations of 80, 100, 150 and 200 mg/L. The concentration of X-3B remaining in the photoreaction solution after 1 h illumination with the high--voltage mercury lamp or xenon lamp was determined from its UV absorption spectrum by using an ultraviolet-visible spectrometer (UV-Vis; TU1810, Persee, Beijing, China).
RESULTS AND DISCUSSION
Morphology studies SEM was employed to investigate the membrane morphology and qualitative information of surface and cross-sectional morphology of the membranes. SEM images of the top surface, bottom surface, and cross-section of the pure PVDF membrane (M-1) and TiO 2 -C modified PVDF hybrid membrane (M-2) are shown in Figure 1 . Micropores were distributed on the surfaces of M-1 and M-2, and the top surfaces were denser than bottom surfaces owing to the air-gap distance and delayed phase separation [22] . Moreover, a denser structure is apparent on the unmodified membrane (Figure 1, M-1) , which provides morphological evidence of potentiality to decline the permeability. Additionally, TiO 2 -C nanoparticles were clearly deposited on the surface of the modified membrane (Figure 1, M-2b ) and the overall structure of the coagulated polymer was dense. From the cross-sections of the membranes, more finger-like structures were found in M-1, whereas the morphology of M-2 mainly appeared to be an intersecting spongy structure (Figure 1 , M-1c and M-2c). Instantaneous demixing favors the formation of a macrovoid and leads to a typical finger-like structure, whereas delayed demixing can decrease macrovoid formation. The addition of TiO 2 -C may have delayed the coagulation process, causing the long finger-like structure to first transform into a shorter finger-like structure and then into a spongy structure. Additionally, the TiO 2 -C nanoparticles significantly increased the viscosity of the casting solution. Casting solution viscosity influences mass transfer between the solvent and nonsolvent phases, i.e., the kinetics of membrane formation [22] , which contributed to formation of the spongy structure of M-2. 
FTIR analysis
The FTIR spectra of P25, the TiO 2 -C hybrid aerogel, M-1 and M-2 are shown in Figure 2 . The broad bands between 500 and 1000 cm −1 in the TiO 2 spectrum are related to Ti-O-Ti and Ti-O stretching vibrations, respectively [23] . The peak at approximately 1600 cm −1 is assigned to aromatic amide breathing [24] , which indicated that the TiO 2 nanoparticles were uniformly scattered in the C array of the aerogel. The FTIR spectra of M-1 and M-2 ( Figure  2b ) showed prominent absorption peaks at 1400 (C-H stretch) and 1180 cm −1 (C-F stretch). The peaks at 840 and 877 cm −1 are attributed to the skeletal vibration of C-C bonds [25] . Non-covalent bonds form between Ti and polymer chains, which were probably responsible for the lack of significant changes between the spectra of M-1 and M-2 throughout the observed wavenumber region [26] . The M-2 spectrum ( Figure  2b ) revealed a weak band at 3400-3600 cm −1 associated with O-H stretching. The presence of O-H bonds in the membrane structure was caused by the attachment of TiO 2 -C nanoparticles to the membrane surface [27] , which is in agreement with the SEM results. These results clearly indicate that TiO 2 -C nanoparticles are distributed on the membrane surface, and are thereby appealing for enhancing the photocatalytic performance of PVDF membranes.
XRD analysis
The XRD diffraction patterns of P25, TiO 2 -C, M-1 and M-2 are shown in Figure 3 . All the peaks in the P25 pattern are well-indexed to the anatase phase of TiO 2 . The peaks at 25.4, 37.9, 48.1, 54.0, 55.1 and 62.8° are ascribed to the (101), (004), (200), (105), (211) and (204) planes of TiO 2 , respectively [26] . The absence of graphite peaks in TiO 2 -C indicates that the carbon was in an amorphous state. No rutile phase TiO 2 is observed because carbon suppresses the phase transition from anatase to rutile [20] . The XRD patterns of M-1 and M-2 show that the PVDF membrane was amorphous. Moreover, no characteristic peaks from TiO 2 -C are found in the XRD pattern of M-2, indicating that the TiO 2 -C dopant was well dispersed in the PVDF matrix. 
Mechanical strength
The mechanical properties of M-1 and M-2 are listed in Table 2 . The tensile strength, elongation at break, and Young's modulus of M-2 increased from 1.46 MPa, 10.55% and 29.69 MPa of M-1 to 1.76 MPa, 20.83% and 46.08 MPa, respectively, which strongly indicated that the mechanical strength of the PVDF was reinforced by the addition of TiO 2 -C to the casting solution. These findings are in agreement with those of previous studies wherein the doping of zeolites into PVDF increased the mechanical strength because of the appearance of a layer with spongy structure in the modified membranes through phase inversion [28] .
Contact angle
To evaluate the hydrophilicity, the change in contact angle of the pure membrane and TiO 2 -C modified membrane over time was measured, and the results are listed in Table 3 . Compared with the pure membrane, the initial water contact angle of the TiO 2 -C modified membranes remarkably decreased. Moreover, after 40 min, the final contact angle of M-2 (49.25°) was much lower than that of M-1 (88.00°), which indicated that the hydrophilicity of M-2 increased with the addition of TiO 2 -C. This decrease in contact angle for M-2 may have involved the water uptake characteristics of TiO 2 -C, which contributed to an increase in water flux [29] . In addition, the presence of TiO 2 nanoparticles generated hydrolysis with hydroxyl group, which also promoted the surface hydrophilicity of the modified membrane [5] . Therefore, surface deposition with hydrophilic TiO 2 -C nanoparticles is favorable to the enhancement of hydrophilicity as well as the improvement of anti-fouling properties. Pure water permeation Table 4 , respectively. The rate of decline in the water flux of M-1 was larger than that of M-2, which indicated that the compression resistance of M-2 was better than that of M-1. The TiO 2 -C nanoparticles deposited on the surface of the PVDF membrane cannot block the water channel because of the relatively low content. The observed improvement in hydrophilicity of M-2 was apparently favorable to the increased membrane flux. Photocatalytic activity
The effect of TiO 2 -C nanoparticles on the photocatalytic activity of PVDF membranes was investigated through X-3B degradation. The degradation of X-3B by the photocatalytic action of M-1 and M-2 is shown in Figure 4 . The rate of adsorption of X-3B on M-1 was 26% at 90 min in the dark when the initial concentration of X-3B was 80 mg/L (Figure 4a ). However, the removal rate of X-3B by M-2 was only 24% under the same conditions ( Figure 4b ). As the hydrophilicity of PVDF membrane is the main factor affecting the surface-adsorption properties of membranes [5], X-3B removal by M-1 was higher than that by M-2, as expected, because of the high hydrophobicity and adsorption capacity of M-1 in the dark. These findings also indicated that the adsorption capacity of M-2 was not enhanced by the addition of the microcrystalline TiO 2 -C hybrid aerogel. The rate of X-3B degradation over M-1 was 37.6% at 210 min under UV irradiation when the initial concentration of X-3B was 80 mg/L (Figure 4a ). By contrast, the rate of X-3B degradation by M-2 was 93.0% for the same duration (Figure 4b) , which indicated that the photocatalytic capability of the TiO 2 -C hybrid aerogel was successfully retained after attachment to the PVDF membrane. The rate of X-3B removal by adsorption in the dark on both M-1 and M-2 decreased with the increase in initial concentration of X-3B owing to the limited adsorption sites. Under UV irradiation, the rate of X-3B removal increased rapidly at the beginning and gradually slowed down, which indicated that the photo-generated electron-hole pairs are well separated, and that the increasing voltage can enhance the effect of separation [30] . In addition, the X-3B degradation rate of M-2 under UV irradiation decreased with increasing initial concentration of X-3B. This finding may be because the intensity of the incident light on the surface of the TiO 2 -C hybrid aerogel was reduced by a screening effect [31] . These results suggest that introducing TiO 2 -C nanoparticles into PVDF membrane can remarkably enhance the rate of UV absorption, resulting in the improvement of the photocatalytic activity of the TiO 2 -C modified membrane by increasing the efficiency of optical utilization.
Photodegradation mechanism Figure 5 shows the UV-Vis spectrum of X-3B in the presence of M-1 and M-2 under irradiation with mercury and xenon lamps. Different structural units and groups on X-3B correlate to different absorption features. The absorbance peaks observed at 330 and 540 nm are mainly attributable to the naphthalene ring and azo linkage [32] . Under mercury lamp irradiation, the absorbances of X-3B at 330 and 540 nm decreased from 0.291 and 0.791 to 0.179 and 0.479 in the presence of M-1, and to 0.092 and 0.149 in the presence of M-2, respectively (Figure 5a and b) . In addition, hydroxyl radicals and oxidizing agents attacked azo groups to open the N=N bonds and then destroyed the long conjugated system [33] . The aromatic ring structures were more difficult to destroy than the N=N bonds; thus, the rate of decrease in absorbance at 330 nm was much slower than that at 540 nm. Under xenon lamp irradiation, the absorbance at 330 and 540 nm decreased from 0.428 and 0.848 to 0.263 and 0.691 in the presence of M-1, and to 0.182 and 0.479 in the presence of M-2, respectively (Figure 5c and d) . The rate of X-3B degradation by M-2 under xenon lamp irradiation was much higher than that by M-1. This finding can be explained by the ability of the C species in TiO 2 -C hybrid aerogels to decrease the band-gap energy of TiO 2 , thereby increasing its response to visible light. Figure 6 shows pictures of photodegradation of X-3B under UV irradiation. After two hours of irradiation, the degradation rate of M-2 ( Figure 6d , e and f) was much higher than that of M-1 (Figure 6a, b and c) . These results sug- gest that enhanced photodegradation of PVDF membrane can be achieved by introducing TiO 2 -C hybrid aerogels, which is expected to improve the utilization rate of photo-generating elections and holes. 
CONCLUSION
A modified PVDF membrane was fabricated through phase inversion by blending TiO 2 -C hybrid aerogels into the casting solution. The characterization results indicated that the TiO 2 -C hybrid aerogels were well dispersed in the PVDF array, and the hydrophilicity, pure water flux, and mechanical strength of the modified membrane were remarkably better than those of pure PVDF membrane. Photocatalytic degradation experiments indicated that the modified membrane demonstrated excellent photocatalytic activity. Thus, separation ability and photocatalytic action were successfully combined in the modified membrane, resulting in the potential to alleviate membrane fouling during wastewater treatment. Additionally, the rate of X-3B degradation by the modified membrane was higher under xenon lamp irradiation, which indicated that the TiO 2 -C hybrid aerogels decreased the band-gap energy of the TiO 2 and consequently increased its visible light response.
